Picosecond time-resolved resonance Raman spectroscopy is used to probe the structural changes of rhodopsin's retinal chromophore as the cis-to-trans isomerization reaction occurs that initiates vision. Room-temperature resonance Raman spectra of rhodopsin's photoproduct with time delays from -0.7 to 20.8 ps are measured using 2.2 ps, 480 nm pump and 1.5 ps, 600 nm probe pulses. Hydrogen-out-of-plane (HOOP) modes at 852, 871, and 919 cm -1 , fingerprint peaks at 1272, 1236, 1211, and 1166 cm -1
Introduction
The goal of understanding the intimate interplay between structure and function in the earliest events of protein chemistry has spurred the challenging study of time-resolved protein structural dynamics. A diverse collection of photoreactive proteins, including photosynthetic systems, 1 photoactive yellow protein, 2, 3 and rhodopsins, [4] [5] [6] have been studied with both crystallographic and time-resolved spectroscopic techniques. The greatest time resolution is achieved with femtosecond electronic spectroscopy where structural information can only be inferred. To obtain a direct, real-time probe of fast protein structural changes in the physiologically relevant condensed phase, it is necessary to develop structural techniques having the highest possible time-resolution.
Time-resolved vibrational spectroscopy is a versatile tool for directly monitoring the ultrafast reaction dynamics of protein and prosthetic group structures. Both femtosecond IR 7, 8 and subpicosecond Raman 9,10 spectroscopies have been used to study protein reactions. However such vibrational studies are limited to low spectral resolution because of the time-bandwidth relationship. Picosecond time-resolved resonance Raman (RR) spectroscopy allows for selective enhancement of signal from different regions of the protein with the highest combination of temporal and spectral resolution. Picosecond visible timeresolved RR with < 2 ps pulses has been used to study several proteins. [11] [12] [13] Rhodopsin, one of the more interesting photoactivated proteins, has thus far only been studied at much lower time-resolution. 14 The visual pigment rhodopsin is a 7-R helical G-protein coupled receptor found in the membranes of retinal rod cells that contains a covalently bound 11-cis retinal protonated Schiff base chromophore. The primary event in vision, the 11-cis to all-trans isomerization of retinal, is complete in only 200 fs, 15, 16 has a quantum yield of 0.67, and results in a photoproduct which stores 35 kcal/mol or 60% of the incident photon energy. The primary photoproduct of rhodopsin, photorhodopsin, has been identified by its red-shifted absorption maximum (λ max ∼ 570 nm) 16, 17 as well as its 200 fs formation time. Photorhodopsin thermally decays to form bathorhodopsin (λ max ∼ 540 nm) in ∼ 5 ps. 16, [18] [19] [20] Bathorhodopsin decays through a series of intermediates leading to the deprotonation of the retinal Schiff base in meta II and triggering of the G-protein cascade.
The short ground-state lifetime of photorhodopsin has prevented its definitive structural characterization. Instead, the chromophore has been inferred to be in the all-trans configuration from analogue studies. 21, 22 The inability to thermally trap photorhodopsin also suggests that photorhodopsin is a hot transient which cools to form bathorhodopsin. This raises the question of which intermediate, photorhodopsin or bathorhodopsin, is the true, thermally equilibrated primary photoproduct in rhodopsin's photochemistry. The structure of room-temperature bathorhodopsin was examined with 10 and 30 ps time resolution; 14, 23 these data suggest a highly distorted, all-trans chromophore structure that remains constant from 10 ps to 100 ns. Therefore, to resolve and understand the early structural events in rhodopsin photochemistry, it is necessary to obtain time-resolved structural snapshots of rhodopsin with the best combination of temporal (<2 ps) and spectral (<10 cm -1 ) resolutions.
Here we perform time-resolved two-color RR spectroscopy to obtain structural information on the primary photoproduct in vision with the highest possible time resolution. Several key questions are addressed: What is the structure of photorhodopsin, particularly the configuration about the C 11 dC 12 bond? On what time scale can we unambiguously identify the all-trans photoproduct? What changes govern the evolution of photorhodopsin to bathorhodopsin? What is the relationship between the room-temperature structure and that trapped at low-temperature? To answer these questions, we report two-color, pumpprobe spectra of rhodopsin with delays from -0.7 to 20.8 ps using nearly transform-limited ps laser pulses. The results presented here help to establish a more complete picture of the mechanism of the primary photoevents in vision.
Experimental Section
Sample Preparation. Rod outer segments (ROS) were isolated from bovine retinae (JA Lawson, Lincoln NE) and purified by sucrose flotation followed by sucrose density gradient centrifugation. 24 The isolated ROS were then lysed in water, solubilized in 5% Ammonyx-LO (Exciton, Dayton OH), and purified by hydroxyapatite chromatography. 25 The protein was eluted with a phosphate step gradient (30 to 150 mM PO 4 3-, pH 7) yielding ∼ 12 nmol of rhodopsin/retina. The OD 280 /OD 500 absorbance ratio was < 1.8. For the two-color experiments, separate 20 mL aliquots from a 140 mL solution (1.5 OD/cm at 500 nm) were used (150 mM PO 4 3-, 1% Ammonyx-LO, < 3 mM NH 2 OH, with 0.25 M NO 3-as an internal standard).
Laser System. The picosecond laser system and its performance characteristics were described in detail previously. 26 The setup for the current experiments is shown schematically in Figure 1 . Briefly, a mode-locked ps Ti:sapphire oscillator (Spectra Physics Tsunami model 3950) was pumped with 8.5 W of the multiline visible output from an argon ion laser (Spectra Physics 2040E) to produce an 82 MHz train of low energy (∼13 nJ, 1.5 ps) 800 nm pulses. These pulses were amplified by a regenerative amplifier (Spectra Physics Spitfire) pumped with 10.5 W of 527 nm light from a 1 kHz Nd:YLF laser (Spectra Physics Merlin). The resulting amplified ∼ 2 ps pulses had energies of ∼950 µJ centered at 800 nm. These pulses were then frequency doubled to produce > 250 µJ pulses at 400 nm. The doubled light was focused into a 0.5-m Raman shifter with 750 psi of H 2 to produce 1st Stokes (480 nm) and 2nd Stokes (600 nm) pulses which served as the pump and probe beams, respectively. The beams passed through either a variable or fixed delay before being made collinear with a dichroic beam splitter. Wavelengths used in these experiments are indicated in Figure 2 along with relative absorption spectra of rhodopsin, photorhodopsin, and bathorhodopsin. Two-color autocorrelations were 2.2 and 1.5 ps for the pump (480 nm) and probe (600 nm) pulses, respectively, and the cross correlation was 2.3 ps.
Data Collection. It was important to choose pump and probe wavelengths which minimized detected fluorescence while maximizing resonance enhancement of the photoproduct. Three sets of pump/probe wavelengths were explored: 458 nm pump/ 566 nm probe (oscillator λ ) 770 nm), 480 nm pump/600 nm probe (oscillator λ ) 800 nm), and 500 nm pump/633 nm probe (oscillator λ ) 830 nm). The pump and probe powers were set such that the photoalteration parameter 27 for rhodopsin F rho was equivalent for each pump wavelength, and F batho was equivalent for each probe wavelength. For a time delay of 20 ps the best S/N was obtained with the 480 nm pump/600 nm probe combination.
Raman scattering was generated by focusing the 480 nm pump and 600 nm probe laser beams into the center of a 2 mm i.d. square capillary using a 50 mm spherical lens. Spot sizes were 90 × 65 µm for the pump beam and 75 × 75 µm for the probe beam. The sample was flowed from an ice cooled reservoir at a rate of ∼ 18 cm/s to ensure that each laser pulse interrogated fresh sample. The conversion of rhodopsin to photoproduct by the laser beam can be approximated from the photoalteration parameter 27 F ) (3.82 × 10 -21 Eφ )/A where E is the number of photons per pulse, φ is the quantum yield for the photoreaction, is the decadic extinction coefficient, and A is the beam area. The 480 nm pump pulse energy of 200 nJ (F rho ∼ 1) was chosen to maximize photolysis of rhodopsin while avoiding saturation effects. The photoproduct signal for a time delay of 20 ps was found to increase linearly with pump power. The 600 nm probe pulse energy was 410 nJ, resulting in F rho <0.1 ( rho ) 812 cm -1 M -1 ) and F batho ∼ 0.8 (using Bathorhodopsin and photorhodopsin spectra are adapted from Kandori et al. 17 Laser wavelengths used in the two-beam, pump-probe experiments are indicated.
The Raman scattering was collected by a 5 cm focal length collection lens (f/1) and then focused by a 20 mm focal length lens onto the entrance slit of a single-stage f/4 spectrograph (Spex 500 M). The spectrograph was equipped with a 1200 grooves/mm grating blazed at 500 nm and had a spectral bandwidth of 11.5 cm -1 (300 µm slits). A long-pass filter (Corning 2-61) was placed in front of the entrance slit to reject Rayleigh scattering. The spectrally dispersed light was detected by a LN 2 cooled CCD detector (Princeton Instruments LN/CCD 1152). Frequencies were calibrated by comparison with the Raman spectrum of cyclohexane and a neon emission spectrum. Reported frequencies are accurate to ( 2 cm -1 . A white light spectrum was also recorded to correct for spectral sensitivity of the detection system.
For each time delay, three sets of data were acquired: pump + probe, probe-only, and pump-only. First, alternating pump + probe and probe-only data were continuously recorded at 5 min intervals until ∼ 30% of the bulk sample was bleached. The total acquisition time resulting in this bleach was 80 min (40 min for pump + probe and 40 min for the probe-only spectral data sets). Aside from overall peak intensity decreases due to decreasing rhodopsin concentration and general rise in fluorescent background as the sample bleached, no spectral changes were observed throughout the 40 min of data collection. The rise in background emission as the sample is bleached has been well documented 28 and is due to oxidized membrane lipids, retinal oxime, or bleached and denatured protein. A pump-only spectrum (40 min) was then recorded. Following this, pump + probe, probe-only, and pump-only spectra (40 min each) of completely bleached sample with no internal standard, and of just 0.25-M nitrate were recorded. It was necessary to record spectra of bleached sample and nitrate solution separately since the presence of nitrate caused bleached opsin to precipitate.
Temporal and Spectral Deconvolution. The observed signal S(t) is the convolution of the instrument response G(t) with the molecular response R(t). The instrument response is a Gaussian distribution with full-width at half-maximum (τ fwhm ) of 2.3 ps:
The molecular response function R(t) is expected to consist of components reflecting formation and relaxation of photoproduct. Therefore, R(t) was chosen to be the sum of an error function and an exponential growth:
The error function is a step function at τ step convolved with a normal distribution of width σ fwhm . τ step represents the average time delay between absorption of a photon and product formation. The slow exponential growth with time constant τ exp accounts for subsequent relaxation in the photoproduct ground state. The growth of photoproduct signal was modeled by fixing the instrument response and σ fwhm while varying the parameters A, B, τ step , and τ exp of the molecular response function to obtain the best least-squares fit of S(t) to the data. Other molecular response functions, such as single exponential, were also tried but produced inferior fits compared to R(t). Single exponential rise functions were unable to simultaneously fit both the longtime data and the fast rise at early times (0.8 ps).
When the pump and probe pulses overlap temporally, it is necessary to determine the average time after production that the photoproduct scatters a Raman photon. At positive time delays (probe pulse arrives after the pump pulse), some of the molecules will be probed prior to being pumped. At negative nominal pump-probe time delays (∆t pulse < 0), only the portion of the time delay distribution lying at positive times will give rise to photoproduct signal. To find the average time after pumping that molecules are probed, it is necessary to look at the distribution of positiVe time delays. The calculated average positive time delay 〈∆t > 0〉 between pump and probe events for two pulses separated by ∆t pulse and with cross correlation G(t) is given by
The data points with time delays greater than 2.3 ps are unaffected by this correction, but the average positive time delay values for pulse delays of -0.7 and 0.8 ps were +0.6 ps and +1.2 ps, respectively.
The photoproduct spectra were also spectrally deconvolved from the instrument response function in order to isolate individual line intensities. The intrinsic molecular photoproduct peaks were assumed to be the same as those in the lowtemperature bathorhodopsin spectrum. 29 The overall instrument response was experimentally measured by recording a probe laser spectrum with monochromator slits open to 300 µm.
Results
To reveal Raman spectra of the photoproduct, it was necessary to remove any broad features in the pump + probe spectra due to the pump pulse as well as signal due to unphotolyzed rhodopsin and/or bleached sample. First, corresponding bleach spectra were subtracted from all pump + probe, probe-only, and pump-only spectra. As an example, Figure 3 shows (A) rhodopsin probe-only minus bleach, (B) rhodopsin pump + probe minus bleach, and (C) rhodopsin pump-only minus bleach spectra for a 20.8 ps delay between pump and probe pulses. Negative counts are due to the increased fluorescence inherent to the 100% bleached sample. The pump-only spectrum was subtracted from all pump + probe spectra and any remaining broad backgrounds were removed with spline fits, resulting in photolysis spectra consisting of scattering from rhodopsin, photoproduct, and the nitrate internal standard (spectrum D). All such photolysis spectra having time delays from -0.7 to 20.8 ps are presented in Figure 4 . To obtain accurate kinetic information, the photolysis spectra were normalized for variations in pump and probe powers during the experiment. The fluorescence background served as an indicator of pump power variation while the intensity of the 1048 cm -1 nitrate peak served as an internal standard for probe power.
Difference spectra were obtained by subtracting a fraction of the normalized probe-only spectrum from the normalized photolysis spectrum such that the 970 cm -1 mode of rhodopsin disappeared. This procedure had no significant effect on the features of the photoproduct spectrum even for variations in the subtraction coefficient up to 10%. For the 20.8 ps delay example in the bottom part of Figure 3 , 0.45 × (probe-only) spectrum was subtracted from the photolysis spectrum (D) to
for t > 0, and
yield a spectrum consisting of photoproduct and internal standard (E). Since the rhodopsin sample contains the nitrate standard, this process removed 45% of the nitrate scattering as well. Remaining peaks due to nitrate were removed from the difference spectrum by subtracting the necessary fraction (0.57) of the 0.25-M nitrate spectrum (F) from the difference spectrum (E) to produce spectrum (G). Rhodopsin subtraction coefficients for all time delays were consistent with the experimentally observed bulk bleach rate and the sum of subtraction coefficients for rhodopsin and nitrate removal was close to unity, as expected. Difference spectra for all time delays (-0.7 to 20.8 ps) are presented in Figure 5 .
The difference spectra at all but the earliest time delay clearly exhibit vibrational features of a distorted all-trans retinal chromophore structure, 30 with peaks at ∼1530-1535, 1272, 1236, 1211, 1166, 1019, 1005, 965, 919, 871, and 852 cm -1 . At the nominally negative time delay of -0.7 ps, a broad redshifted ethylenic and an unresolved band of hydrogen-out-ofplane (HOOP) modes from 800 to 880 cm -1 characteristic of bathorhodopsin have already appeared. By 0.8 ps the fingerprint region with lines at 1166, 1211, 1236, and 1272 cm -1 becomes discernible as well; the frequencies in this region remain constant to 20.8 ps and the relative intensities are unchanged after ∼2.3 ps. HOOP modes at 852, 871, and 919 cm -1 also appear by 0.8 ps; these modes continue to grow in intensity until ∼3.8 ps while their frequencies are unchanged. The 871 cm -1 mode continues to grow until ∼11.3 ps (see below).
Kinetic analyses were performed on the ethylenic and HOOP peaks. The rise of the ethylenic peak intensity after photolysis is plotted in the upper part of Figure 6 . The system response was deconvolved from the experimental data points, yielding a modeled molecular response consisting of fast product formation (expressed as an error function) and slow molecular relaxation (expressed as an exponential function) components in the form of eq 2. It was determined that 75% of the signal is due to the fast component and 25% is due to the slow component. We see that the time constants for ethylenic growth are τ step ) 110 ( 90 fs and τ exp ) 2.3 ( 1.7 ps. The appearance of overall HOOP intensity (815-940 cm -1 ) is plotted in the bottom part of Figure 6 . Upon deconvolving the cross-correlation as described above, it was determined that 58% of the signal is . Two-color data reduction procedure using 20.8 ps delay spectra as an example. Top part. Spectrum (A) is the probe-only minus bleach, spectrum (B) is pump + probe minus bleach, (C) is pumponly minus bleach. Negative counts are a consequence of the bleach spectra having higher background levels than corresponding unbleached spectra. Bottom part. Spectrum (D), the photolysis spectrum, is pump + probe (B) minus pump-only (C). A fraction of the probe-only spectrum (A) is then subtracted from this photolysis spectrum to yield a difference spectrum (E). To remove scattering due to nitrate, a fraction of the 0.25-M nitrate spectrum (F) is subtracted to yield a difference spectrum consisting of just the photoproduct (G). All spectra in the bottom part were background-corrected for broad fluorescent backgrounds using spline fits. due to a fast component (τ step ) 160 ( 140 fs, σ fwhm ) 50 fs) while 42% is due to a slow component (τ exp ) 2.0 ( 1.0 ps). The dashed lines in Figure 6 indicate the 95% confidence intervals.
To examine the frequency and shape changes of the ethylenic band, we deconvolved the instrument response from the experimental result to reveal the true ethylenic peak shape ( Figure 7) . The earliest time ( -0.7 ps) ethylenic band has a frequency of 1530 cm -1 and this mode shifts to 1536 cm -1 by 11.3 ps, where it remains unchanged at 20.8 ps. The width of the peak also shifts from 35 to 30 cm -1 by 20.8 ps. Plots of the deconvolved CdC frequency and width vs average positive time delays are shown in the top and middle parts of Figure 8 along with the corresponding low-temperature values for comparison. These data were fit to a single exponential, yielding CdC frequency and width shift times of 3.5 ( 1.0 and 2.2 ( 1.0 ps, respectively.
To investigate the changes in relative intensity of the overlapping 852 and 871 cm -1 photoproduct HOOP modes, it was necessary to decompose as well as deconvolve these bands. Since the spectral resolution prevents us from experimentally determining the HOOP frequencies accurately, we assume the intrinsic peak positions and widths stay constant and are identical to the low temperature (and >10 ps room temperature) values of 852 and 871 cm -1 with fwhm of 16 and 10 cm -1 , respectively (dotted curves in Figure 9 ). 29 The low-temperature basis spectra were convolved with the instrument response and resulted in the broad peaks at 852 and 871 cm -1 with fwhm of 33 and 30 cm -1 , respectively (dashed curves in Figure 9 ). The sum of these broad peaks is shown as the solid curve in Figure 9 . The ratio of the relative intensities (I 871 /I 852 ) as a function of time delay is plotted in the bottom part of Figure 8 . This ratio approaches the low-temperature value with a time constant of τ ) 3.5 ( 1.0 ps. The intensity of the HOOP peak at 920 cm -1 was fit using the same procedure.
Discussion
The spectra presented here provide the earliest structural snapshots of the photochemistry of vision as well as new insight into the structure and kinetics of the earliest photointermediates. The structural changes involved in the transition from rhodopsin to photorhodopsin, and from photorhodopsin to bathorhodopsin are described for the first time. In addition, the similarity of the room-temperature photoproduct vibrational structure to that of the low-temperature species revealed here has profound implications for the energy storage mechanism in the primary event.
Photorhodopsin Formation Time. Raman spectra of the primary photoproduct, photorhodopsin, are recorded at our earliest time delay. The appearance of photorhodopsin is best modeled as the sum of two kinetic components, yielding fast time constants of 110 ( 90 and 160 ( 140 fs for the growth in the ethylenic and HOOP regions, respectively. Although the error limits are understandably large, the ultrafast formation times derived in our time-resolved structural experiments are identical to the 200 fs appearance time previously obtained from femtosecond transient absorption experiments. 15, 16 The previous experiments were interpreted in terms of a barrierless transition on nonadiabatic potential energy surfaces as would be expected for a Landau-Zener (LZ) tunneling mechanism on a onedimensional cis-trans reaction coordinate. This LZ model predicts that there is a direct correlation between the quantum yield φ and the nuclear velocity V along the reaction coordinate; this relationship between φ and V was subsequently established in experiments with rhodopsin containing retinal analogues. [31] [32] [33] More recent ab initio calculations on truncated five-carbon protonated Schiff bases (PSB) have explored the multidimensional nature of the isomerization coordinate. [34] [35] [36] The cis to trans isomerization coordinate consists of three coupled modes: the torsional motion about the central double bond, the symmetric stretching of the retinal chain center, and the inphase stretching of the ethylenic and Schiff base bonds. The calculations illustrated the presence of a conical intersection which allows for a barrierless and highly efficient S 1 to S 0 decay channel and is fully consistent with the observed speed of the isomerization reaction. Methylation of one of the carbons in this PSB model led to a 2-fold increase in the slope of S 1 , further corroborating experimental results which directly link the reaction speed to nonbonded interactions between the C 13 -CH 3 and C 10 -H groups. 31, 32 The predicted lack of excited-state equilibration was also consistent with the observation of coherent vibrational motion along low-frequency torsional modes in the photoproduct. 37 In a study of a longer ten-carbon PSB, an energy plateau on the S 1 surface was calculated, thus decreasing the isomerization rate. 36 It was suggested that an important role of the protein is to remove this energy plateau from the S 1 potential resulting in the observed ballistic motion of the wave packet to the ground-state photoproduct well.
Structure of Photorhodopsin.
The ultrafast production time of photorhodopsin and its subsequent picosecond decay to bathorhodopsin have made it very difficult to obtain structural information on this primary photoproduct. The photorhodopsin to bathorhodopsin transition is thought to occur in ∼3-9 ps, 16, [18] [19] [20] but the molecular identity of photorhodopsin was unresolved. Our difference spectra with ∆t pulse e 3 ps spectra provide the first structural characterization of photorhodopsin. Figure 10 presents the Raman spectra of rhodopsin and photorhodopsin along with normal mode assignments. Our difference spectra show that within ∼2 ps of photon absorption, the following vibrational changes occur: the ethylenic peak shifts from 1544 to 1530 cm -1 ; the C 10 -C 11 single bond fingerprint mode shifts from 1097 to 1166 cm -1 ; the C 14 -C 15 stretch shifts from 1190 to 1211 cm -1 , the C 12 -C 13 shifts from 1234 to 1236 cm -1 ; and HOOP modes appear at 852, 871, and 919 cm -1 . In fact, the two-pulse modeling suggests that the photorhodopsin HOOP peaks and the red-shifted ethylenic band are already present by ∼200 fs. The frequency increase of the C-C stretches and the corresponding frequency decrease of the ethylenic band relative to rhodopsin are consistent with the more delocalized electronic structure of the red-absorbing photorhodopsin chromophore. 38 The intensities and frequencies of the strong HOOP modes are identical to those found in bathorhodopsin trapped at 77 K which is known to contain an alltrans chromophore. 39, 40 This fact together with the observation that these room-temperature HOOP modes remain unchanged throughout our range of time delays from 0.8 to 20.8 ps provides evidence that the chromophore of photorhodopsin has an alltrans configuration about the C 11 dC 12 bond even within the first ∼200 femtoseconds following photon absorption. This result casts doubt on the earlier suggestion based on a study of an 11-cis locked rhodopsin analogue that the formation of photorhodopsin does not involve an isomerization about the C 11 dC 12 bond 41 as well as the possibility that photorhodopsin is an excited-state transient. 20 One of the most interesting aspects of the room-temperature structure of photorhodopsin is the presence of HOOP modes at 852, 871, and 919 cm -1 . These peaks have also been observed in other room-temperature studies of bathorhodopsin 14, 23 but are not present in the all-trans PSB spectrum. 30 These unusually intense peaks also appear in the low-temperature spectrum of bathorhodopsin and have been assigned as the C 14 -H (852 cm -1 ), C 10 -H (871 cm -1 ), and C 11 -H (920 cm -1 ) HOOP modes. 39, 42 It was determined that the 852 and 871 cm -1 modes gain significant intensity in the all-trans photoproduct due to twists primarily about polyene chain single bonds that produce a partial pyramidalization of the indicated carbon centers. 40 Such twisting is also consistent with the observed spectral red-shift of photorhodopsin. 43 The presence of the isolated C 11 -H wagging mode at 919 cm -1 is consistent with Raman 39 and NMR 44 studies on low-temperature bathorhodopsin, indicating that there is a perturbation near the center of the retinal chain that uncouples the C 11 -H and C 12 -H wags and possibly contributes to chain distortions. 39 The origin of this uncoupling will be discussed below.
Our structural characterization of photorhodopsin is further supported by theoretical calculations. Car-Parrinello ab initio molecular dynamics studies indicate the formation of intense HOOP modes as the chromophore moves from the transition state to the photoproduct ground state. 45, 46 A soliton-like, coherent charge propagation is predicted to accompany the cis to trans isomerization. The charge transport is strongly coupled to out-of-plane oscillations in the chromophore, thereby giving rise to intense HOOP modes. The presence of these modes indicates a high degree of chain distortion 47 that is relevant for energy storage.
Photorhodopsin to Bathorhodopsin Transition. Our picosecond time-resolved resonance Raman difference spectra of the photoproduct are the first measurements of the structural changes accompanying the photorhodopsin to bathorhodopsin transition. We believe that this transition occurs in a few picoseconds and is dominated by chromophore cooling and some minor conformational relaxation, suggesting that bathorhodopsin is the first true, thermally equilibrated intermediate in the photochemistry of Vision. There are several observations that support this claim: (1) the shift in ethylenic frequency from 1530 to 1536 cm -1 with τ ) 3.5 ( 1 ps, (2) the decrease in ethylenic width from 35 to 30 cm -1 in 2.2 ( 1 ps, (3) the overall increase in photoproduct ethylenic (τ ) 2.3 ( 1.7 ps) and HOOP (τ ) 2.0 ( 1 ps) peak intensities, and (4) the differential rise in the 871 cm -1 peak relative to the 852 cm -1 peak (τ ) 3.5 ( 1 ps).
The first three observations and their time scales are fully consistent with chromophore cooling, most likely through intramolecular vibrational redistribution (IVR). The time de- Figure 9 . Deconvolution and decomposition of the photoproduct HOOP intensities. The best fit to the experimental data is indicated by the solid line and the individual convolved HOOP components that were summed to achieve the best fit are indicated by the dashed lines. The low-temperature photoproduct peaks at 852, 871, and 920 cm -1 used as basis spectra are indicated by the dotted lines in the 20.8 ps spectrum. Figure 10 . Two-color, time-resolved resonance Raman spectra of photorhodopsin (2.3 ps spectrum) and bathorhodopsin (20.8 ps spectrum) at room-temperature. For comparison the RR spectra of roomtemperature rhodopsin and of the photoproduct trapped at 77 K are also presented. 29 Normal mode assignments are taken from Palings et al. 24, 42 pendent changes of the ethylenic frequency and width can be understood in terms of the heterogeneous population of highlying vibrational levels in the anharmonic ground-state well and their relaxation. Excess thermal energy remains localized in the Franck-Condon (FC) modes immediately after excitation and photochemistry, causing the temperature of these modes to be high; consequently a large inhomogeneous distribution of CdC frequencies is observed. Subsequent IVR depopulates the highlying levels, causing the observed blue-shift and narrowing of the ethylenic peak. Such frequency and width changes were observed, for example, in the cooling of heme in carbonmonoxy myoglobin 12 and following the photochemical hydrogen migration in cycloheptatrienes. 48 Raman intensity changes are also expected to appear as a result of molecular thermalization. Stokes resonance Raman scattering is highly sensitive to the degree of vibrational excitation; specifically, there is an increase in scattering with a decrease in temperature. 49 A bacteriorhodopsin (bR) molecule whose excess vibrational excitation is localized in the FC modes (before any IVR or vibrational cooling has occurred) will have an ethylenic Raman cross section that is ∼ 40% of the value for a totally thermalized, cool molecule. 49 In the current experiment, Raman signals of the ethylenic and HOOP modes at the earliest average positive time delay of 0.6 ps are 75% and 58% of the values at the longest delay of 20.8 ps, respectively. Since some relaxation has most likely occurred within the first 0.6 ps, these measured values are reasonable and fall within the limit established above for bR. Therefore, the observed increase in overall Stokes intensities strongly supports the idea that photorhodopsin's decay is largely due to chromophore thermalization. Finally, the observed time scales for the CdC blue-shift, CdC width narrowing and overall intensity increases are also consistent with photorhodopsin cooling. Anti-Stokes Raman spectra of bR revealed a 3 ( 1 ps time constant for IVR. 11, 49 This time constant is remarkably similar to the ∼ 2-3.5 ps constant obtained in the current experiment and further implicates IVR as the main pathway to bathorhodopsin.
Nevertheless a component of the transition to bathorhodopsin involves some conformational relaxation of the chromophore as it adjusts to the protein binding pocket. The HOOP intensities are sensitive to this conformational relaxation as indicated by the shift of the 871/852 cm -1 intensity ratio to the lowtemperature value with a time constant of 3.5 ( 1 ps. It appears that the protein environment causes the hot, all-trans photorhodopsin chromophore to distort in order to minimize steric interaction with residues as it cools to form bathorhodopsin, resulting in a change in the relative conformational distortion and concomitantly a change in relative HOOP intensities.
Aside from a general intensity increase, the 920 cm -1 C 11 -H HOOP mode frequency remains constant during the photorhodopsin to bathorhodopsin transition. This indicates that the appearance of bathorhodopsin does not involve changes in the interaction of Glu113 with the center of the retinal chain. In all-trans retinal and in rhodopsin, the C 11 and C 12 -H wags are strongly coupled to produce a combination HOOP mode near 960-970 cm -1 . In native low-and room-temperature bathorhodopsin, however, an isolated C 11 -H HOOP is observed at 920 cm -1 . This uncoupling of the C 11 -H and C 12 -H wags requires a perturbation near the center of the retinal chain that results in a reduced C 12 -H wag force constant as well as a reduced coupling of the C 11 -H with the C 12 -H wag. 42 NMR data on the low-temperature bathorhodopsin chromophore and semiempirical molecular orbital calculations have shown that the Glu113 counterion is located ∼3 Å from the C 12 position, suggesting a possible mechanism for the C 11 -H and C 12 -H wag uncoupling. 50 Any change in the interaction between Glu113 and the retinal chain center should affect the reduced C 11 -H and C 12 -H coupling constant and manifest itself as an evolution of the 920 cm -1 C 11 HOOP mode. Within our S/N, the position of this mode remains unchanged throughout the experiment. We thus conclude that the formation of bathorhodopsin from photorhodopsin does not involve altered Glu113-retinal interactions.
Protein Response and Energy Storage. Protein response to the isomerization reaction in rhodopsin consists of first a local impulsive structural rearrangement that is driven by the ballistic motion of chromophore isomerization followed by a slower, thermally activated, diffusive motion that allows for more global energy redistribution within the chromophore-protein complex. In drawing these conclusions we rely upon the chromophore structure in the photoproduct as a probe of protein structure and structural changes. This analysis is justified because in this system, protein-chromophore interactions are close and highly specific: (i) An exact positioning of the chromophore relative to the dipolar and charged residues in the binding pocket determines the opsin shift, 51 (ii) The presence of a unique binding pocket is further illustrated by the enantioselective binding of the chromophore, 52 and (iii) Intimate proteinchromophore interactions during the isomerization process itself are evidenced by decreases in reaction rate and quantum yield accompanying modification of the chromophore structure. 31, 32 Since the protein provides a well-defined and specific "solvent cage" around the chromophore, the chromophore vibrational structure can be used as a probe of the protein binding pocket environment and its structural changes.
Our observation that the room-temperature bathorhodopsin vibrational structure at <1 ps time delay (before IVR has occurred) is nearly identical to that of the low-temperature trapped species which contains a strained all-trans chromophore suggests that the binding pocket changes accompanying the isomerization have occurred before energy has been redistributed within the chromophore itself or to the surrounding protein. In addition, since the isomerization reaction is known to occur at temperatures as low as 4 K, 53, 54 thermal energy can also be excluded as the driving force for immediate protein changes accompanying isomerization. This suggests that the immediate protein response consists of a localized nonrandom movement of binding pocket residues and perhaps water molecules due to impulsive interaction with the ballistic motion of the isomerizing chromophore. This impulsive response to photoisomerization is analogous to the sub-100 fs inertial response observed in the light harvesting proteins of cyanobacteria which is thought to arise from librational motions of amino acid residues or water molecules in the chromophore binding site. 55, 56 We believe that the immediate protein response resulting from photon absorption is unlike random protein motion in that these reaction-driven motions are highly energetic and there is likely to be coherence among several of these reaction-driven protein modes. For rhodopsin it is reasonable to expect an inertial protein response localized primarily in the region near C 11 dC 12 where the largest NMR differences upon isomerization are observed. 44 This analysis also suggests that the changes observed in lowtemperature (77 K) FTIR, including alterations in the peptide backbone, water molecules, and some amino acid residues, [57] [58] [59] [60] [61] are caused by these barrierless inertial motions as the rhodopsin chromophore isomerizes and collides with nearby protein residues. Given that most FTIR spectral changes can be attributed to changes in weak bonds, e.g., hydrogen bonds, [60] [61] [62] the highly energetic chromophore should be able to impulsively drive through any barriers along these degrees of freedom.
The highly strained, all-trans chromophore of bathorhodopsin remains unchanged over the time range of ∼20 ps, indicating that there is essentially no protein relaxation affecting the energy of the protein-chromophore complex on this time scale. In fact, it has been suggested that the bathorhodopsin chromophore is unaltered out to 100 ns after formation. 23 Therefore, after the fast, impulsively driven inertial component of the protein response, subsequent protein response affecting chromophore structure appears to be much slower (> 20 ps and possibly 100 ns). Such a large separation of time scales for binding pocket motion has been observed in light harvesting systems 55, 56 and may be critical for efficient energy storage by bathorhodopsin. One possible sequence is as follows: Upon photon absorption, the chromophore begins to isomerize and impulsively drives an immediate localized, nonrandom protein response. After ∼200 fs, an all-trans chromophore is completely formed; however, the chromophore is twisted due to the presence of binding pocket residues that are unable to respond further to the new chromophore structure. The highly energetic proteinchromophore complex then thermalizes over a relatively long (>20 ps) time scale. During this time, energy is transferred from the strained chromophore and the local residues it interacts with to more broadly distributed and lower frequency protein modes, ultimately resulting in diffusive protein motion which produces a planar lumi intermediate as well as the driving force for protein conformational changes.
Protein environments are designed to provide optimal reaction efficiency. In rhodopsin, a localized region of the highly specific protein binding pocket responds impulsively to the ballistic, ultrafast isomerization of the chromophore thereby permitting the isomerization reaction to occur efficiently in a tight and specific binding pocket in a Very short period of time. However, other more delocalized protein degrees of freedom remain relatively static on the same time scale in order to efficiently store energy. These spatial and temporal separations of protein response to photoisomerization may be critical for the primary events in vision and may also be general characteristics of energy transduction systems.
Summary
Our results provide the first structural snapshots of the initial room-temperature intermediates in the photochemistry of vision ( Figure 11) . Consistent with previous studies, the primary event in vision is an 11-cis to all-trans photoisomerization which is complete in 200 fs. Until now, the structure of the chromophore in the primary photoproduct, photorhodopsin, was unknown. Our picosecond time-resolved resonance Raman spectra indicate that photorhodopsin contains a vibrationally hot, all-trans, distorted chromophore within 200 fs of its formation. The photorhodopsin-to-bathorhodopsin transition occurs with a time constant of ∼3 ps and is due to chromophore thermalization and vibrational cooling, along with some structural relaxation. Therefore, it appears that bathorhodopsin is the first true thermally relaxed intermediate in the rhodopsin photocycle. Photorhodopsin and bathorhodopsin are essentially structurally equivalent: the similarity of the fingerprint modes, the presence of intense HOOP modes, and the constancy of the 920 cm -1 mode indicate that both species contain a highly strained, alltrans chromophore whose interaction with Glu113 remains unchanged during the transition. Finally, the striking correspondence between the room-temperature, ps time-resolved vibrational structure of photorhodopsin/bathorhodopsin and that of the low-temperature trapped primary photoproduct suggests that impulsively driven protein residue motion is a critical component of the reaction coordinate.
Note Added in Proof.
A high resolution crystal structure of rhodopsin has been published 64 since the submission of this manuscript.
